The presence of adventitious oxygen is inevitable when organic/metal interfaces are formed by evaporation in high vacuum (10 Ϫ6 mbar.). In this letter, we highlight the importance of this oxygen for band alignment, and hence, performance, in organic-based devices. The influence of controlled amounts of oxygen on band alignment in benzene/aluminum model cathode interfaces has been studied using ultraviolet photoemission in ultrahigh vacuum. We show that even small amounts of oxygen significantly lower the aluminum work function with concomitant improvement in band alignment.
Band alignment at the organic-inorganic interfaces in devices based on electroactive organic materials is clearly critical to device performance. 1 At the electron injecting interface the optimal alignment is one which has the lowest unoccupied molecular orbital ͑LUMO͒ of the organic material close to the Fermi level of the metallic contact. This in turn implies a high binding energy, relative to the metal Fermi level, of the highest occupied orbital ͑HOMO͒. Based on the assumption of vacuum level alignment at such interfaces, 1 the electron injecting contact is often chosen to be a nominally low work function metal, while the hole injecting contact is usually the transparent conductor indium tin oxide ͑ITO͒. It is becoming recognized that, in fact, vacuum level alignment does not occur, 2 and that the actual band alignment depends on the interface dipole induced by the particular interaction between molecule and contact material. 2 When considering the choice of contact material, literature values for the metal work function are generally quoted. Since work function is, of course, a surface property, the literature values are based on atomically clean surfaces measured in ultra high vacuum ͓͑UHV͒, i.e., Ͻ10
Ϫ9 mbar]. Aluminum is one of the most widely used cathodes, chosen because it is regarded as having a low work function relative to that of ITO. However, the work function of clean aluminum is 4.4 eV, while that of ITO ranges from 4.1 to 4.9 eV depending on the surface cleaning technique used. 3 Thus, by the earlier criterion it should actually be a poor cathode in many circumstances. Since most device preparation takes place in vacua of the order 10 Ϫ6 mbar, the metal interfaces will not be atomically clean, and this will affect both the work function and the surface chemistry.
In an earlier letter 4 it was shown that the onset voltage for luminescence of a sexiphenyl-based light emitting diode depended on the evaporation rate of the aluminum contact. These contacts were evaporated in a vacuum of 2 ϫ10 Ϫ6 mbar, and as a result oxygen was incorporated at the sexiphenyl/aluminum interface. 4 The devices with the slower evaporation rate had the highest concentration of oxygen at this interface, and had a much lower onset voltage, implying a more optimal band alignment, i.e., a high HOMO binding energy with respect to the metal Fermi level. In this letter we investigate the affect of coadsorbed oxygen on band alignment at model phenyl-aluminum interfaces, using ultraviolet ͑UV͒ photoemission to determine the HOMO binding energy. Benzene was used as a model for larger oligophenyls, as it can be readily dosed at high purity in UHV, and the details of its interaction with clean Al is known, both theoretically and experimentally. 5 Benzene can also be considered a more general model for the adsorption of aromatic molecules, with, for example, the interaction of thiophenes with aluminum being of essentially the same form. 6 The experiments were performed with a Vacuum Generators ADES 400 spectrometer, base pressure 10 Ϫ10 mbar, using He I radiation (hϭ21.2 eV), giving an overall energy resolution of ϳ100 meV. An Al͑111͒ single crystal was used as the substrate, cleaned using sputter-anneal cycles. The oxygen was dosed at room temperature, while the benzene was dosed at 90 K, with photoemission spectra recorded at the same temperature, as it desorbs from Al͑111͒ at 145 K. 5 The interaction of benzene with clean Al͑111͒ is very weak, being essentially electrostatic. 5 In the photoemission spectra of a monolayer of benzene on Al͑111͒, 5 there are no relative shifts of orbital binding energies on adsorption. This is unlike the case for adsorption on transition metals, 7 where a much stronger bond occurs, involving donation, giving rise to the so-called stabilization, i.e., a relative shift to higher binding energy of the HOMO orbitals. However, in the case of benzene/Al͑111͒ a bond occurs without charge transfer, where, despite the weak interaction, an interface dipole is formed. Figure 1 shows the effect of oxygen exposure on the work function of Al͑111͒, determined from the secondary electron cutoff of the photoemission spectrum. Note that the actual work function can differ by up to 1 eV from the literature value of 4.4 eV depending on the oxygen coverage. The adsorption of oxygen on Al͑111͒ has been studied in detail elsewhere. 8 The details are rather complex, but can be summarized as follows. Initial oxygen deposition on Al͑111͒ does not result in the formation of aluminum oxide, but rather of a chemisorbed phase. Oxide formation only begins at a dose of 50 L, equivalent to a coverage of 20% of the surface area. Thereafter clean Al, islands of chemisorbed oxygen, and oxide islands coexist until the surface is cov- These correspond to the mixed, the monolayer, and the amorphous oxide phases, respectively. Photoemission spectra of monolayer benzene coverages on the oxygen predosed surfaces showed no relative orbital binding energy shifts, implying the same form of bonding as was seen for benzene on clean Al͑111͒, 5 i.e., electrostatic. Spectra of the HOMO, the 1e 1g orbitals, of condensed films of benzene on the different substrates are shown in Fig.  2 . The HOMO binding energy clearly increases as the oxygen predose is increased, which in turn implies that the LUMO is closer to the metal Fermi level, reducing the electron injection barrier. Note that biggest jump in the HOMO binding energy occurs between clean Al and a predose of 150 L of oxygen. The oxygen coverage at this dose is much less than a monolayer with chemisorbed oxygen predominating over oxide. 8 The sexiphenyl devices with the lowest onset voltage showed an oxygen/Al ratio of 0.2 at the metal/ organic interface, with no oxide seen in Al Auger spectra. 4 It is this oxygen induced shift, rather than the evaporation rate per se, that accounts for the improved device performance when evaporating the Al slowly in an oxygen-containing environment. Note that the relative effect is likely to be greater in sexiphenyl since its band gap is significantly smaller than that of benzene. 9 The HOMO binding energy versus the substrate work function is plotted in Fig. 3 . The band alignment at organicmetal interfaces depends on the precise nature of the interaction. 10 However, since the benzene/Al͑111͒ interaction is of the same, electrostatic, form regardless of oxygen coverage, it might be expected that there would be a simple linear relationship in this case. Figure 3 shows that this is apparently not so, with in particular the 150 L dose producing a high binding energy. However, this substrate is a mixed phase, and close inspection of Fig. 2 shows that the HOMO width is broader on this substrate than on the others. This implies that there are several local HOMO energies coexisting, and that the linear relationship may be preserved on a local scale. It is, however, further evidence that the simplistic assumption of such a relationship can be hazardous, even in cases where it might be expected to hold.
It should not be forgotten that the major component of the residual gas in a high vacuum (10 Ϫ6 mbar) system is water, an oxygen containing molecule which is if anything actually more reactive to aluminum than oxygen itself. 11 The results presented earlier suggest that the control of the oxygen/water partial pressures during contact evaporation is extremely important. Not only can this be used to optimize band alignment for device performance, but the reproducibility of this performance will clearly be dependent on the reproducibility of the level of oxygen at the metal/organic interface. Here we have shown that oxygen improves the band alignment at an aluminum/organic interface. However, we caution that this should not be regarded as a general casefor example oxygen at the thiophene/copper interface has the opposite effect. 10 This work was supported by the Austrian Science Foundation through the SFB:Electroactive material. 
